Air pollution is comprised of several substances, including particulate matter (PM). Exposure to air pollution may trigger alterations in DNA methylation thus modifying gene expression patterns. This phenomenon is likely to mediate the relationship between exposure to air pollution and adverse health effects. The purpose of this study was analyzing the effects of exposure to PM 2.5 during pregnancy or lactation and whether it would cause multigenerational epigenetic alterations in the promoter region of the genes Pdx1 and NEUROG3 within mouse pancreatic islets. Our results show that maternal exposure to PM 2.5 led to an elevation in blood glucose levels within the two following generations (F1 and F2). There was also an increase in DNA methylation in the aforementioned promoter regions accompanied by reduced gene expression in generations F1 and F2 upon F0 exposure to PM 2.5 during pregnancy. These data suggest that maternal exposure to PM 2.5 from air pollution, particularly during pregnancy, may lead to a multigenerational and lifelong negative impact on glucose homeostasis mediated by an increase in DNA methylation within the promoter region of the genes Pdx1 and NEUROG3 in pancreatic islets.
has been associated with an increased risk for atherosclerosis, hypertension, cardiovascular diseases, and diabetes [2] [3] [4] .
PM concentrations are particularly elevated in some developing countries, where they were shown to be well above the upper limit recommended by the World Health Organization's guidelines [5] , thus being regarded as a hazard to the health and the quality of life of people living in such areas [1, 6] .
Exposure to air pollution may lead to molecular alterations in genes, such as epigenetic modifications. Those alterations are capable of influencing health outcomes during all of the stages of life as well as of being inherited [7] , thus potentially resulting in the transmission of new phenotypes across several generations [8] .
DNA methylation is currently the most widely investigated epigenetic mechanism and occurs through the addition of a methyl group to a cytosine-guanine dinucleotide (CpG site) [9, 10] . Alteration in DNA methylation may be induced by exposure to air pollution, thus altering gene expression patterns [11] . Those changes in DNA methylation are a plausible mechanism that potentially mediates the harm that air pollution causes to health.
Epidemiological and animal studies suggest that an adverse environment during early life, both intrauterine and postnatal, possibly increases the risk for type 2 diabetes [12] .
Likewise, the long-term effects of exposure to these environments may be carried over to the following generations, affecting the offspring's phenotype [13] .
In this study, we exposed two groups of F0 generation mice (pregnant or lactating) to either filtered air or polluted air (PM 2.5 ). F1 generation mice were exposed during either intrauterine development or within the first days after birth whereas F2 generation animals were potentially exposed through germ cells produced by F1 generation animals. The effects observed in the F1 and F2 generations are called "multigenerational" [14] .
We examined the effects of maternal exposure to polluted air (PM 2.5 ) during either pregnancy or lactation on F1 and F2 generations, and explored whether they were associated with epigenetic alterations in promoter regions of the genes Pdx1 and NEUROG3 in mouse pancreatic islets as an inherited epigenetic alteration.
RESULTS

Effects of PM 2.5 exposure during either pregnancy or lactation on the following generation's glucose homeostasis
In order to assess the impacts of exposure to polluted air on blood glucose levels and whether those effects could be inherited, 11-week old offspring of mice exposed to PM 2.5 during either pregnancy or lactation had their fasting blood glucose measured. Both groups showed elevated results when compared to the control group, though only the offspring of animals exposed during lactation showed a significant difference when compared to those exposed to FA, with an average fasting blood glucose level of 101.6 mg/dL (PM 2.5 ) and 90.2 mg/dL (FA) (p =0.0208) (figure 1, A and B). Fasting blood glucose remained elevated in the following generation (F2), with a significant difference among the group exposed to PM 2.5 during lactation with an average fasting blood glucose level of 103.8 mg/dL (PM 2.5 ) and 97 mg/dL (FA) (p = 0.0202) (figure 2, A and B).
Serum insulin levels were lower in F1 generation mice exposed to air pollution (PM 2.5 ) (figure 1, C and D) and remained in generation F2 (figure 2, C and D).
We tested whether the exposure to PM 2.5 negatively affected glucose homeostasis with an insulin tolerance test. K ITT showed higher insulin resistance among the offspring of mice exposed to FA during lactation (figure 3, A and E), being lower in the offspring of mice exposed to PM 2.5 during lactation when compared to the control group. Consequently, the AUC values during the ITT of the groups whose mothers were exposed to PM 2.5 were greater when compared to the control group (figure 3, C and G).
During the ITT, blood glucose levels were more elevated among the offspring of mice exposed to PM 2.5 during pregnancy when compared to the control group throughout the whole test ( figure 3B ).
As for F2 generation animals, K ITT remained elevated among the control groups (figure Blood glucose and insulin levels of the offspring (F1) of mice exposed to PM 2.5 or FA during either pregnancy or lactation. Dams were exposed to PM 2.5 (600 µg / m 3 / day) or filtered air. Values include fasting blood glucose (mg/dL) and serum insulin (ng/mL). Data are shown as mean ± SD (n = 6 mice/group). Mice were 11-week old and fasted overnight before the experiments. A two-tailed Student's t-test was used for statistical analysis. * p < 0.05 vs.
FA.
Figure 2.
Blood glucose and insulin levels of the offspring (F2) of mice (F1) whose dams (F0) were exposed to PM 2.5 or FA during either pregnancy or lactation. Values include fasting blood glucose (mg/dL) and serum insulin (ng/mL). Data are shown as mean ± SD (n = 6 mice/group). 
Exposure to PM 2.5 causes multigenerational alterations in Pdx1 and NEUROG3 DNA methylation levels
Considering that the epigenome has been increasingly regarded as an important link between inherited genome changes, we conducted methylation level analyses within the promoter regions of the genes Pdx1 and NEUROG3 in the pancreatic islets of F1 and F2 mice.
Our results show that Pdx1 gene methylation levels were greater among the offspring (F1) of mice exposed to PM 2.5 during pregnancy (mean = 57.57%) in comparison to the control group (31.46%) (p = 0.0001). The lowest methylation levels were identified among the offspring of dams exposed to filtered air during lactation (mean = 18.61%) the mean for the group exposed to PM 2.5 was 39.01% (p = 0.0001) (figure 5A).
A similar pattern was observed within the F2 generation, with elevated Pdx1 methylation levels among the offspring (F2) of mice whose dams were exposed to PM 2.5 during pregnancy presenting an average of 41.54% and the control group, exposed to filtered air, an average of 23.61% (p = 0.004) ( figure 6A ). In the group exposed during lactation, the PM 2.5exposed offspring had a methylation average of 28.24% and the control exposed to filtered air (AF) of 15.94% (p = 0.0005).
Likewise, to Pdx1 the NEUROG3 is a critical transcription factor for β-cell development and maturing. We observed higher DNA methylation levels for that gene within the pancreatic islets of the offspring (F1) of mice exposed to PM 2.5 during pregnancy (mean = 39.01%) when compared to the control group exposed to filtered air (AF) (mean = 18.61%) (p = 0.0001) ( figure   5B ), in generation (F2) the groups with the highest methylation levels were those exposed to polluted air (PM 2.5 ) during pregnancy and lactation (mean = 36.59% and mean = 33.56% ), respectively), when compared to the control group (FA) (mean = 15.52%, mean = 17.18%, respectively) ( figure 6B ). 
Impacts of PM 2.5 exposure on gene expression within mice pancreatic islets
Furthermore, we investigated the impact of exposure to PM 2.5 on gene expression within pancreatic islets. The offspring (F1) of animals exposed to PM 2.5 during pregnancy presented lower levels of Pdx1 expression (mean = 2.49,) when compared to the control group (AF) (mean = 7.49) (p = 0.0001), in the group exposed during lactation, the mean air polluted group was 7.23 and the control group (AF) 5.17 (p = 0.0001) ( figure 7A ). These lower levels of expression in the pregnant group exposed to PM 2.5 remained in the next generation (F2) (mean = 3.59) and the control group averaged 6.67 (p = 0.0006) ( figure 8A ).
NEUROG3 gene expression was also lowered among the offspring (F1) of mice exposed to PM 2.5 during pregnancy (mean = 3.18) when compared to the control group (AF) (mean =5.34) (p = 0.0003) as well as those exposed during lactation to polluted air (PM 2.5 ) (mean = 3.25) and filtered air (AF) (mean = 6.25) (p = 0.0005) ( figure 7B ). This decrease was also passed on to the subsequent generation (F2), the mean of exudes exposed to PM 2.5 during pregnancy was mean = 3.85 and the AF control group with a mean of 6.80 (p = 0.0001) in the group exposed during polluted air lactation (PM 2.5 ) averaged 4.86 and control (AF) 7.07 (p = 0.0003). 
DISCUSSION
This study investigated the impact of F0 generation exposure to PM 2.5 during either pregnancy or lactation on metabolic parameters as well as on the levels of Pdx1 and NEUROG3 gene methylation and gene expression in the two following in F1 and F2 generations.
We demonstrated that exposure to polluted air (PM 2.5 ) elevates blood glucose levels in generations F1 and F2. We also showed that DNA methylation levels in the promoter region within the genes Pdx1 and NEUROG3 are greater among animals exposed to polluted air during intrauterine development (F1) and that such effect persists for the subsequent generation (F2).
F0 exposure to PM 2.5 during pregnancy was associated with a reduction in gene expression among generations F1 and F2.
These results suggest that the effects caused by exposure to PM 2.5 during pregnancy and lactation may be permanent, leading to population-wide alterations as a relatively short period of intrauterine exposure to PM 2.5 may cause persistent gene-specific DNA methylation.
Our results corroborate the findings of Yang et al. [15] which showed increased DNA methylation of the gene Pdx1 combined with reduced Pdx1 expression within pancreatic islets of participants diagnosed with type 2 diabetes when compared to a control group. We thus suggest PM 2.5 exposure as linked with the genesis of type 2 diabetes along with a multigenerational modulation of DNA methylation levels.
DNA methylation is currently the most widely investigated epigenetic mechanism, which consists of the addition of a methyl group to the 5' position of cytosine residues located in a CG dinucleotide [10] . DNA methylation of gene promoters is generally regarded as a mechanism that represses gene expression [16] , which was observed in our study as higher methylation levels of the genes Pdx1 and NEUROG3 led to a reduction in the expression of these genes.
Considering that DNA methylation is critical for processes such as embryonic development of mammals, tissue-specific gene expression regulation and genomic imprinting [17] , it may suggest that exposure to air pollution during pregnancy and lactation methylated the aforementioned genes, passing such genomic imprinting on to following generations.
Pdx1 is a pancreatic and duodenal homeobox 1 transcription factor that regulates pancreatic development and β-cell differentiation. It is expressed during the early stage of β-cell development and is crucial to its function [18] . Evidence shows that both genetic and acquired reductions in Pdx1 expression may lead to type 2 diabetes, β-cell dysfunction, and compromised islets compensation to insulin resistance in human and animal models alike [19] [20] [21] .
Adult post-diabetes-onset methylation may cause permanent silencing of Pdx1 expression. Likewise, an abnormal intrauterine environment may lead to epigenetic alterations that regulate the main genes associated with β-cell development, leaving Pdx1 expression permanently lowered within β cells [20] .
NEUROG3 is a member of the basic helix-loop-helix transcription factor family involved in neurogenesis and pancreatic embryonic development. In mouse pancreatic embryonic development, NEUROG3 expression is initially observed in the dorsal pancreatic epithelium at E9.5 and E15.5, later decreasing to substantially lower levels within the neonatal pancreas [22] .
Four different types of islet cells (alpha, beta, delta, and pancreatic polypeptide), as well as endocrine precursor cells, were shown as absent in NEUROG3-deficient mice, which died postnatally from diabetes [23] .
Insulin secretion deficiency underlies the transition from normoglycemia to hyperglycemia in type 1 and type 2 diabetes alike [17] . Though it is known that circulating insulin originates almost exclusively from β cells located in pancreatic islets, our comprehension about the molecular mechanisms responsible for regulating β-cell function in healthy and diseased mammals alike remain incomplete. Pdx1 is a protein that plays a key role in regulating β-cell function [24] .
Sun et al. [2] conducted a study with lean C57BL/6 mice exposed to PM 2.5 for 128 days and didn't find significant associations between exposure to air pollution and insulin resistant, which may suggest that exposure to air pollution is more deleterious during critical stages of life, such as intrauterine development.
Therefore, our study's findings show that mice exposed to PM 2.5 from air pollution during the early life stages are predisposed to developing type 2 diabetes during their lives. Given that air pollution is a major environmental problem, particularly in developing countries and due to poor environmental management and control, these results indicate that harmful epigenetic programming during critical developmental stages is a potential factor associated with the worldwide increase in rates of diabetes.
METHODS
Animals
C57BL/6J mice were provided by the University of Campinas' multidisciplinary center of biological research (CEMIB) (University of Campinas, SP, Brazil).
All the experiments conducted in this study complied with the Committee for Ethics in Animal Use of the University of Campinas -CEUA/UNICAMP guidelines, which has approved all of the study's experimental protocols.
Mice were housed in an animal facility with a room temperature of 22ºC, controlled humidity, and a 12-hour light and dark cycle. They were provided with free access to tap water and a standard rodent chow (3.39 Kcal/g; 63.4% calories from carbohydrates, 25.9% calories from protein, and 10.6% calories from fat; Nuvilab CR-1, Nuvital Quimtia, Brazil).
PM 2.5 or Filtered Air Exposures
Mice were exposed to PM 2.5 The specific experimental design was the following: the first set of experiments included six groups of randomly allocated female mice (F0), three of which were exposed to PM 2.5 throughout pregnancy whereas the other three groups were exposed to FA throughout pregnancy. The second set of experiments included six other groups of randomly allocated female mice, three of which were exposed to PM 2.5 throughout the lactation period (21 days) whereas the three other groups were exposed to FA throughout the lactation period (21 days).
After the exposition periods, dams were euthanized and offspring (F1) were submitted, 11 weeks after birth, to in vivo analyses, after which they were placed for breeding (using three females and one male from each of the 7 litters), being euthanized subsequent to the end of the lactation period. Their body tissues were kept for analyses and their offspring (F2) were submitted to in vivo analyses 11 weeks after their birth, after which they were euthanized and had their body tissues analyzed, in accordance with the study's aims.
Metabolic Parameters
All metabolic parameters were obtained after the exposition. Serum glucose and insulin levels were assessed after an overnight fast.
Insulin Tolerance Test (ITT) and Glucose Tolerance Test (GTT)
In order to perform the ITT, mice were submitted to an 8-hour fasting period and the test began at 8 a.m. Animals received an intraperitoneal (IP) injection of recombinant insulin (Humulin®, Eli Lilly, Indianapolis, IN) at a dose of 1.5 units per kilogram of body weight followed by blood glucose measurements with a glucose meter every 5 minutes up to 30 using blood samples obtained from the animals' tails.
Glucose disappearance rate (K ITT ) was obtained using the formula 0.693/t 1/2 [26] . Blood glucose half-life time (t 1/2 ) was estimated from the slope of least square analysis of the blood glucose levels when there was a linear decline [26, 27] . The serum glucose area under the curve (AUC) was calculated using the trapezoidal rule [28] .
Glucose tolerance test (GTT) was performed after 12 hours of overnight fasting. Mice received IP injections of 2g of glucose per kilogram of body weight. Blood glucose was measured with a glucose meter every 30 minutes up to 120 using blood samples obtained from the animals' tails.
Tissue collection
Mice were euthanized 12 weeks after birth and had their pancreatic islets collected for further analysis.
Pancreatic islets collection
Mice had their pancreas perfused with Hanks' balanced salt solution containing 3 mg collagenase/ml and excised immediately after euthanasia. Islets were then dissociated through continuous shaking at 37~ for 18 min. Isolated islets were then collected [29] . Gene transcripts of interest were quantified relative to the internal control GAPDH using the 2-ΔΔCT method [30] .
Tissue collection for gene expression by qPCR analysis
Methylation analysis
DNA was isolated using the PureLink™ Genomic DNA Mini Kit (Invitrogen, Thermo Fisher Scientific) according to the protocol provided by the manufacturer. CpG dinucleotides between the primers and ranged from 91 to 177 in the promoter region. For NEUROG3, the 170-bp amplification included a total of 9 CpG dinucleotides between the primers and ranged from 85 to 111 in the promoter region.
